The development of new synthetic fluorination reactions has important implications in medicinal, agricultural and materials chemistries. Given the prevalence and accessibility of alcohols, methods to convert alcohols to trifluoromethanes are desirable. However, this transformation typically requires four-step processes, specialty chemicals, and/or stoichiometric metals to access the trifluoromethyl-containing product. A two-step copper-catalyzed decarboxylative protocol for converting allylic alcohols to trifluoromethanes is reported. Preliminary mechanistic studies distinguish this reaction from previously reported Cu-mediated reactions.
In contrast, we envisioned an attractive approach might involve the conversion of an alcohol to a halodifluoroacetic ester, followed by a catalytic decarboxylative trifluoromethylation (eq 4). Although trifluoromethylation reactions of halodifluoroacetic esters have been conducted using stoichiometric CuI, 6d-e,7,10 catalytic reactions have proven elusive over many years. Herein, we report a Cu-catalyzed conversion of allyl bromodifluoroacetic ester into trifluoromethanes, and preliminary mechanistic findings that distinguish this reaction from analogous Cu-mediated reactions.
Initial screening of catalysts and conditions revealed that the Cu-mediated reaction of cinnamyl bromodifluoroacetate (1A) could be adapted to provide a Cu-catalyzed procedure. Several Cu I salts and ligands provided catalytic activity, and CuI and N,N′-dimethylethylenediamine (DMEDA) were selected as an inexpensive and efficient system that is already available in many synthetic chemistry laboratories and stockrooms worldwide. 11 The optimized catalyst included the use of 10 mol % CuI, 10 mol % DMEDA as a ligand, 25 mol % NaO 2 CCF 2 Br, KF (2 equiv), in DMF (1.0 M) at 50 °C. Importantly, a beneficial activation procedure was identified that involved the heating of the catalyst and reagents in DMF at 50 °C prior to addition of the substrate (vide infra).
Three parameters, including reaction concentration, ligand, and activation of the catalyst, proved most critical for obtaining a high yield of product (Table 1) . Compared with the optimized reaction conditions (entry 1), reactions run at lower concentration (entry 2), or without employing the activation procedure (entry 3) provided less efficient catalyst systems as defined by the ratio of yield/conversion. Employing the activation procedure, the use of CuI/DMEDA seemed to provide a less-active catalyst than that derived from CuI alone at the 1.5 h time point (entries 1, 4); however, when the reactions were allowed to proceed to full conversion, a higher yield of product was reproducibly obtained using CuI/DMEDA (entries 5-6). Thus, DMEDA could serve to stabilize the active catalyst against decomposition near the end of the reaction.
A variety of 2-, 3-and 4-substituted cinnamyl bromodifluoroacetates (2A) were compatible with the present reaction ( Table 4) . Electron-deficient (entries 1-5) and electron-neutral cinnamyl systems (entries 7-8) reacted in good yields, although an electron rich substrate provided the product in slightly lower yield (entry 9). In general, substrates capable of affording resonance stabilized allyl cations (e.g., 4-NMe 2 ) were unstable to both acidic and basic conditions, which limited purification and storage of this class of substrates. Aryl (pseudo)halides were well tolerated, and did not undergo aromatic trifluoromethylation (entries [1] [2] [3] 6 ). In addition, compounds bearing heterocycles were tolerated (entries 9-10). Finally, on an 8 mmol scale, over 1.9 g of material was obtained in high yield (entry 2), which suggests that the present reaction could be amenable to larger scale processes.
Disubstituted and non-conjugated allylic esters (3A) containing a diverse array of functional groups provided moderate to good yields of E alkene products (3B, Table 3 ). Substituents at the α and β positions of the styrene were tolerated (entries 1-3), and non-conjugated allylic systems displayed good reactivity (entries 4-7). Several aliphatic functional groups were compatible with the reaction, including esters, imides, and benzyl ethers (entries 5-7). In entries 5-6, disastereomeric mixtures of substrates (3A, E/Z = 4:1) provided thermodynamically-stable E-allyl trifluoromethane products 3B in excellent selectivities (E/ Z > 19:1). Further, the reaction of a pure Z-alkene substrate afforded the E product in excellent diastereoselectivity (entry 7). When monitoring the reaction by both GC/FID and 19 F NMR, slow isomerization of the substrate was observed, while the E-product was formed in greater than 15:1 dr throughout the course of the reaction. In control reactions, the Z-substrate was stable when treated with KF in DMF at 50 °C. These data could implicate the existence of a π-allyl intermediate that reacts to generate the more stable E-product. 6b,9 However at present, other explanations for this isomerization phenomenon cannot be excluded.
Using the Cu/DMEDA-based catalyst system, bromodifluoroacetic esters provided unique reactivity (Table 4) . A trend of increasing reactivity was observed for cinnamyl trifluoroacetate < chlorodifluoroacetate < bromodifluoroacetate (entries 1-3); 12 however, the reaction of cinnamyl difluoroiodoacetate provided a low yield of product (entry 4). It was hypothesized that I − , generated as a byproduct of the reaction, inhibited catalysis. In support of this theory, the addition of exogenous KI to the reaction of cinnamyl bromodifluoroacetate decreased the yield of product (entry 5). Combined, these two findings suggest that I − does not participate in the catalytic reaction. In fact, the Cu-catalyzed reaction could be conducted in the complete absence of I − (entry 6), a key feature that distinguishes the present Cu-catalyzed reaction from previously reported Cu-mediated reactions. 7 Although thorough mechanistic studies have not been conducted, the present Cu-catalyzed reaction likely involves a mechanism distinct from CuI-mediated reactions of allyl halodifluoroacetates. For the Cu-catalyzed reaction, the activation procedure presumably serves to convert the precatalytic combination of CuI/DMEDA/NaO 2 CCF 2 Br/KF into the active catalyst, L n Cu-CF 3 (Scheme 2A). L n Cu-CF 3 can then promote direct trifluoromethylation of the substrate without participation of I − . The substitution reaction potentially involves a π-allyl intermediate, which has been proposed in other allylic substitution reactions using L n Cu-CF 3 in both stoichiometric 6b and catalytic 9 systems. In contrast, the Cu-mediated reaction invokes I − as a key feature of the mechanism (Scheme 2B). 7a In this case, I − participated by converting the bromodifluoroacetic ester to an allyl iodide, which then reacted with Cu-CF 3 . Studies to thoroughly explore the mechanism of the present transformation, including the activation procedure, are ongoing, and results will be presented in due time. Further, ongoing work aims to expand the scope of this process to alternate classes of substrates are currently underway.
In conclusion, a catalytic method for the conversion of allylic alcohols to trifluoromethanes via bromodifluoroacetic esters has been developed. Conjugated and non-conjugated substrates bearing a variety of functional groups afford α-substituted trifluoromethylated products in moderate to good yield and excellent diastereoselectivity for the E-stereoisomer. Beneficial aspects of this transformation include: 1) employment of a mild, inexpensive and atom-economical source of CF 3 in near-stoichiometric quantity; 2) development of a shortened strategy for converting readily available allylic alcohols into trifluoromethyl analogs; 3) the ability to conduct trifluoromethylation reactions using only a catalytic quantity of metal. Finally, functionalization of the allyl trifluoromethane-based product should be useful for accessing more complex fluorinated compounds. 7b,13
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Scheme 1.
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Scheme 2.
Proposed Catalytic Cycle Involving a Reactive Cu-CF 3 Species. Table 1 Sensitivity of Cu-Catalyzed Trifluoromethylation to Concentration, Ligand, and Activation of Catalyst. a b Isolated yield, number in parentheses indicates 19 F NMR yield using α,α,α-trifluorotoluene as an internal standard.
c Reaction conducted on an 8 mmol scale.
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Table 4
Unique b Conversion and yield data were determined by GC/FID analysis using dodecane as an internal standard.
